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Fast events in protein folding
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Understanding how proteins fold is one of the central
problems in biochemistry. A new generation of kinetic
experiments has emerged to investigate the
mechanisms of protein folding on the previously
inaccessible submillisecond time scale. These
experiments provide the first glimpse of processes such
as secondary structure formation, local hydrophobic
collapse, global collapse to compact denatured states,
and fast barrier crossings to the native state. Key
results are summarized and discussed in terms of the
statistical energy landscape theory of protein folding.
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One puzzle in protein folding is the variability in the kinet-
ics. The time course of protein folding can be quite simple,
consisting of a single exponential relaxation with the same
rate constant for all measured properties, or it may be
complex exhibiting multiple kinetic phases. As a result of
this variability the mechanism of protein folding has, until
recently, defied any universal theoretical description. A
new approach to understanding the mechanism of protein
folding is based on statistical mechanical considerations of
polypeptide motion on a complex energy landscape. The
approach includes both analytical theory, the ‘statistical
energy landscape theory’, beginning with the work of
Bryngelson and Wolynes [1–4] and results from computer
simulations of simplified representations of proteins [5–9].
Landscape theory considers the heterogeneity in folding
kinetics as a natural consequence of motion on the hyper-
surface.
One of the principal results from the analysis of Bryngelson
et al. [5] is that there is no single mechanism for protein
folding, but there are mechanisms. For small, single domain
proteins they classify mechanisms into three categories,
called ‘scenarios’. The simplest scenario (scenario I) corre-
sponds to two-state folding (e.g. [10]), in which the compe-
tition between the loss of configurational entropy and the
stabilization from interresidue contacts produces an effec-
tive thermodynamic barrier between the unfolded state and
the native state. If the barrier is sufficiently high (> ~3 kBT),
folding will appear as a single exponential process (Fig. 1).
In scenario II (called the ‘kinetic partitioning’ mechanism
by Thirumalai et al. [9,11]), some fraction of molecules
become transiently trapped in partially folded or misfolded
structures. In scenario 0 folding is downhill, with no barrier,
and non-exponential kinetics are expected. An important
difference between the free energy barriers of simple
chemical reactions and protein folding (Fig. 1), is that in the
latter there is not a single structure at the top of the barrier
(i.e. a single transition state), but an ensemble of structures
(transition states). The scenarios may be summarized by
the deceivingly simple, kinetic schemes shown in Figure 2.
The consequences of the landscape theory are quite inter-
esting for kinetic studies. They suggest that much of the
kinetics of protein folding observed up to now, which
have been limited by the stopped flow method to mil-
liseconds or longer, have been concerned with the escape
of misfolded structures from traps in the energy landscape
[5], and not with the faster, productive routes to the
native conformation. A classic case of a misfolded struc-
ture is one in which the correct proline isomer has not yet
formed [12–14]. Escape from a proline trap may require
minutes. Examples of trap states, not involving proline
isomerization, are discussed by Kiefhaber [15]. Studies of
Figure 1
The simplest folding scenario (I): two-state folding. Following
Bryngelson et al. [5], the free energy (F) is plotted as a function of an
effective reaction coordinate (Q). The coordinate Q measures the
similarity to the native structure (e.g. the fraction of interresidue
contacts that are native). After changing solvent conditions to favor
folding, there is a rapid collapse to more compact structures (U′→U),
followed by a slower barrier crossing to the native conformation
(U→N). The distribution of structures at the free energy minimum for
the denatured state will depend on solvent conditions, and may vary
from a random coil structure to a structure almost as compact as the
native conformation, often called a molten globule [21]. There is a
much narrower distribution of structures in the native state
(conformational substates [52,53]), but this distribution could also






cytochrome c illustrate the concept of traps, which in this
case result primarily from metal–ligand covalent bonds
instead of the many weaker non-covalent interactions
which constitute the traps predicted by landscape theory
[5]. In cytochrome c non-native heme–histidine bonds are
responsible for trapping misfolded structures for hundreds
of milliseconds [16,17] (Fig. 3a). When the formation of
these heme–histidine bonds is prevented, folding speeds
up and is mostly complete prior to any observations by the
stopped flow method [16–19]. There are now known to be
many proteins in which a large fraction of the folding
process has already occurred prior to stopped flow mea-
surement times [20,21]. These unresolved processes have
been called the ‘burst phase’, to indicate that the events
occurring are on the submillisecond time scale and are
simply too fast to measure with this technique.
What do the submillisecond kinetics look like? What
processes are occurring in this time regime? How fast is
the initial collapse of the unfolded polypeptide after a
sudden change in the solvent conditions from denaturing
to native (Fig. 1)? Does the polypeptide initially collapse
to a random globule, as suggested by some computer simu-
lations, or does it collapse directly to a native or near native
topology? How does the topology of this denatured state
depend on its compactness? Does helix formation precede
or follow compaction of the structure? How fast can a
protein possibly fold? What is the relation between folding
speed and sequence or three-dimensional structure? Are
sequences selected by evolution to be fast folders? These
and many other questions have sparked considerable inter-
est among experimentalists and led to the development of
methods with much better time resolution.
Here we present a brief summary of the methods and key
results that have been obtained so far (the reader should
consult [22] for a more theoretical discussion). We first
describe some very recent efforts to initiate folding from
the chemically-denatured state using ultrarapid mixing
methods. This technology has extended the investigation
of folding kinetics to the tens of microseconds time
regime. We then discuss methods using optical triggering.
The availability of laser pulses of short duration makes
optical triggering an obvious way of even more dramati-
cally improving the time resolution in folding experi-
ments. Laser pulses can be used to initiate folding by
inducing photochemical reactions. They can also directly
heat water to trigger either folding from the cold dena-
tured state or unfolding from the native state to the heat-
denatured state.
In describing these studies we will primarily focus on two-
state folding (Fig. 1). In these experiments, the initial con-
ditions are a denatured protein in an unfolded or possibly
even random coil state. Folding is initiated by changing the
solvent, either by decreasing the concentration of a chemi-
cal denaturant or by increasing the temperature (for the
cold-denatured case). Because the change in conditions
increases interresidue interactions, particularly hydropho-
bic interactions, there is an initial collapse of the polypep-
tide. The downhill collapse (U′→U) will be to an ensemble
of structures that closely approximate the distribution of
structures found in the equilibrium denatured state of the
protein under folding conditions. The average amount of
secondary or tertiary structure is expected to depend on
the compactness of the denatured state (U). In the simple
picture of Figure 1 we have made the (possibly unwar-
ranted) assumption that there is no free energy barrier
between random coil and compact denatured states. Col-
lapse to the compact, or partially compact, denatured state
is expected to be extremely fast, and measuring its kinetics
is one of the goals of fast folding experiments. Following
collapse there is a slower barrier crossing process to form
the native conformation (U→N).
Ultrarapid mixing
It has been generally assumed that with sufficient effort,
solvent conditions can be found in which chemically-dena-
tured proteins, at concentrations low enough to prevent
aggregation, will refold to their native conformation after
dilution of the denaturant [23,24]. For this reason stopped
flow technology has historically played a dominant role in
the investigation of protein folding kinetics. Regenfuss
et al. demonstrated that a continuous flow technique could
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Figure 2
Kinetic schemes of the different scenarios of
protein folding. U′→U, represents the
response of the unfolded state to the change
in initial conditions, such as a denaturant
concentration change or a temperature
change (U′ is not one of the equilibrium states
under the final conditions). Several unfolded
states (U), as well as more elaborate
connectivities among the n trap states (Ti)
traditionally called folding intermediates, may







produce a major improvement in time resolution in mixing
studies, and used it to study the very rapid bimolecular
binding of a dye to serum albumin [25,26]. They recog-
nized that the turbulence created by pumping liquids
through a small hole could result in mixing in microsec-
onds. Turbulence ‘breaks’ the liquids into small volume
elements, and mixing is rapid because diffusion now occurs
over very short distances (~0.1mm). If an observation can
be made at a position immediately after mixing (so as to
reduce the ‘dead time’), kinetics can be measured to times
as short as tens of microseconds. More recently, Takahashi
et al. [27] designed mixers based on these principles to
study the very rapid binding of oxygen to cytochrome c
oxidase using resonance Raman spectroscopy.
Chan et al. have been developing this method to study the
folding of cytochrome c (C-K Chan, Y Hu, S Takahashi,
DL Rousseau, WA Eaton, J Hofrichter, [abstract 177],
40th Annual Meeting of the Biophysical Society, Balti-
more, Maryland, February 1996) using tryptophan fluores-
cence as a probe. Quenching of the fluorescence of the
lone tryptophan of cytochrome c (Fig. 3a) can be fairly well
understood in terms of Forster’s theory for excitation
energy transfer from the tryptophan to the non-fluorescent
heme. The theory makes it possible to interpret the
quantum yield of fluorescence in terms of the heme–tryp-
tophan distance distribution. Chan et al. found that the
submillisecond kinetics at acidic pHs (pH 4–5) are non-
exponential. The non-exponential time course could result
from a downhill folding (scenario 0) or escape from several
trap states corresponding to different heme–histidine liga-
tions (proximal histidine pK of 3.8 and distal histidine pK
of 5.3) (scenario II). Using resonance Raman spectroscopy
to identify ligation states, Takahashi et al. have shown that
at these pHs ligand exchange occurs on the same time
scale as folding (DL Rousseau, personal communication).
The Raman results indicate that at least part of the non-
exponential behavior arises from histidine misligation. To
eliminate ligand exchange chemistry from the folding
process Chan et al. have also studied folding at neutral pH
in the presence of an extrinsic heme ligand, imidazole,
which blocks intramolecular distal ligation. The heme
ligand exchange kinetics are now eliminated, making
cytochrome c a more ‘normal’ protein; the kinetics become
dramatically simpler and can be described by the picture in
Figure 1. Measurements of fluorescence quantum yields
provide clear evidence for a rapid collapse occurring in less
than 50ms to a partially compact structure. This collapse is
followed by an exponential barrier crossing, with a time
constant of ~700ms at the lowest denaturant concentration
studied (0.35M GuHCl) (C-KC, WAE and JH, unpub-
lished results). An exponential time course for folding on
the submillisecond time scale is a non-trivial result. It says
that the sampling of configurations in the unfolded state
must be much more rapid than the 700ms barrier crossing
time (i.e. <~100ms). The observation of partial collapse
within 50ms is consistent with this picture.
As the theoretical limit for mixing with this technique is
~10ms [25], a method with better time resolution will
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Figure 3
Structures of cytochrome c and apomyoglobin. (a) Structure of
cytochrome c showing the location of residues that can form kinetic
traps during folding due to non-native ligation of the heme. The heme
(shown in red) is covalently connected via thioether links to cysteines
14 and 17 (shown in green). In addition to the native proximal and
distal ligands, His18 and Met80 (green), other potential distal ligands
that can bind during folding are His26, His33 and Met65 (green), and
at alkaline pH lysines (not shown). Fluorescence of the lone tryptophan
(Trp59, shown in purple) provides a convenient intrinsic probe. The
tryptophan fluorescence is weakly quenched in the unfolded state by
Forster energy transfer to the heme, but is completely quenched in the
native conformation where the tryptophan-heme centre-to-centre
distance is only ~1 nm. (b) Structure of apomyoglobin (the structure of
myoglobin without the heme) showing the location of the contact
between Trp14 (purple) and Met131 (green).
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probably be required to resolve the initial collapse kinet-
ics. Laser temperature jump appears to provide one means
to do so.
Temperature jump
The temperature jump method for initiating folding takes
advantage of the phenomenon of ‘cold denaturation’.
Because hydrophobic interactions decrease with decreas-
ing temperature, proteins unfold at low temperature [28].
For the vast majority of proteins the cold-denaturation
temperature is usually below the freezing point of water.
For many proteins, however, solvent conditions can be
found that permit unfolding above the freezing point of
water [28]. In these cases, folding can be initiated by a
sudden temperature increase.
Nolting et al. [29] studied the folding of a small globular
protein, barstar, from the cold-denatured state using resis-
tive heating to produce a temperature increase of up to
10°C in about 10ms. Prior to the main folding transition,
they made precise kinetic measurements of a very small
change in tryptophan fluorescence with a time constant of
300 ms. Pinpointing the structural origin of changes in
tryptophan fluorescence which do not arise from (Forster)
excitation energy transfer can be problematic, particularly
when they are small. However, from data on denaturant
dependence, spectral shifts and mutants, Nolting et al.
[29] suggested that this change in tryptophan fluorescence
results from the burial of the aromatic side chains, as could
result from a local hydrophobic collapse.
Laser temperature jump can produce temperature increases
which are much faster and larger than those produced by
resistive heating. In these experiments water is heated by
vibrational absorption of a near infrared laser pulse. For
times longer than ~10ps, the time resolution is determined
by the duration of the laser pulse. Ballew et al. [30] used a
nanosecond laser temperature jump apparatus to study the
folding of apomyoglobin from the cold-denatured state.
They observed changes in tryptophan fluorescence with
time constants of ~250ns and ~5ms. Ballew et al. [30] used
results from a variety of experiments to develop a rather
convincing case that the change observed at 5ms results
from the quenching of a tryptophan residue, Trp14, (in the
N-terminal [A] helix) by contact with a methionine residue,
Met131, (in the C-terminal [H] helix) (Fig. 3b). From this
they concluded that the 5ms process corresponds to collapse
of the polypeptide to form a compact denatured state
involving a complex of the A, G, and H helices. Another
interesting aspect of these results is the virtual lack of tem-
perature dependence for the 5ms process. This raises the
possibility that no free energy barrier is encountered in the
collapse to the compact denatured state (called a ‘molten
globule’ in this case). Based on time scales for helix→coil
transitions (see below), one might conjecture that the 250ns
process reflects a local collapse involving helix formation
(M Gruebele, personal communication). Formation of the
native conformation in apomyoglobin may thus follow a sce-
nario II scheme: U′→U in a barrier free process, consisting
of a 250ns local collapse and a 5ms global collapse, followed
by a slow (~1s) barrier crossing, (U→T), and even slower
barrier crossings to form the final native structure [31].
Laser temperature jump has also been employed to study
protein unfolding. This is an attractive area for investiga-
tion because the times are short enough to perform all-
atom molecular dynamics simulations of the experiments
[32,33]. Phillips et al. [34] used a 70ps temperature jump
and time-resolved infrared spectroscopy to study the earli-
est events in the unfolding of ribonuclease A. They made
the interesting observation of a delay of ~1 ns prior to a
change in the peptide vibrational spectrum. This observa-
tion was interpreted as partial breakage of b sheet struc-
ture as the initial step in unfolding (not a decrease in the
b sheet content of either the native or compact denatured
states at the elevated temperature). The delay indicates
that the mechanism is a multistep process, possibly a
nucleation-type mechanism in which several hydrogen
bonds must break to disrupt the sheet. Phillips et al. [34]
suggested that achieving a ‘critical configuration’ (critical
nucleus) could be facilitated by the entry of additional
water molecules into the thermally expanded protein, pro-
viding alternate hydrogen bonding for the strands. 
The availability of modern laser temperature jump instru-
mentation has stimulated a renewed interest in understand-
ing the kinetics of helix→coil transitions. There have been
numerous studies of these kinetics in the past [35].
However, experimental methods with sensitive and more
easily interpretable probes have not been available until
recently. Williams et al. [36] used infrared detection to
measure a relaxation time of 160ns for the decrease in 
the average helical content of a 21-residue alanine-based
peptide [37] after an 18°C temperature jump. Thompson
[38] has developed a nanosecond laser temperature jump
apparatus with optical absorption and fluorescence detec-
tion. She studied the same peptide as Williams et al. labeled
at the N terminus with a fluorescent probe and measured a
relaxation time of 20ns for the same temperature jump.
The fluorescent probe detects the formation of the first
turn of the helix [37], which is less stable than the average
helical segment, so the shorter time is to be expected. Com-
bining results from the two types of experiments should
provide an important test of kinetic models for helix forma-
tion and breakage in short peptides (PAT, WAE and JH,
unpublished data). This subject is of obvious importance
for understanding the role of helix→coil kinetics in protein
folding and unfolding.
Photochemical triggers
There are many ways that light pulses can trigger chemical
reactions, and it should be possible to develop various 
photochemical ‘tricks’ to rapidly initiate protein folding.
The first successful experiments on optical triggering were
those of Jones et al. [39] who initiated the folding of
reduced cytochrome c by photolysis. This approach takes
advantage of the fact that carbon monoxide preferentially
binds to the heme of the denatured state, so that folding
can be initiated by its photodissociation (Fig. 4). As photol-
ysis of heme–carbon monoxide complexes is known to
occur in less than ~1ps [40], adequate time resolution is not
a question with this technique. Jones et al. [39] used time-
resolved absorption spectroscopy with nanosecond lasers to
monitor the transient binding of native and non-native
ligands to the heme. They observed methionine residues,
located ~50 residues along the sequence from the heme
(Fig. 3a), binding extremely rapidly, with a time constant of
~40ms. Subsequent experiments on the binding of methio-
nine to the heme peptide of cytochrome c by Hagen et al.
[41] established that this is in fact the diffusion-limited
time for forming a contact between the two distant regions
of the polypeptide. The experiments of Jones et al. [39]
were carried out under near random coil solvent conditions.
Therefore Hagen et al. [41] were able to use a simple statis-
tical mechanical theory to scale this rate to obtain the value
for the fastest forming loops in proteins; the fastest forming
loops were estimated to be about ten residues long (shorter
loops forming more slowly because of chain stiffness) [42].
They calculated the rate for the formation of such loops to
be ~106 s–1. Hagen et al. [41] further argued that (in the
absence of long range electrostatic forces) it is difficult to
imagine a mechanism whereby complete collapse of a
protein to a compact structure occurs faster than the forma-
tion of one small loop. They suggested that 106 s–1 should
therefore be considered an upper limit for the rate of
protein folding, presumably via a downhill run to the native
state (scenario 0).
Knowing the upper limit for the rate of protein folding
permits an estimate of the height of the free energy
barrier from the observed rate constant. Clearly, the gas
phase pre-exponential factor from transition state theory
(kBT/h = 6 × 1012 s–1) is inappropriate for protein folding. If
instead we use 106 s–1, then the height of the free energy
barrier, ∆G‡, can be calculated from the formula for the
rate constant: k = 106exp [– ∆G‡/RT]. For proteins with
folding rates, extrapolated to zero denaturant concentra-
tion, of ~104 s–1 [43–45], ∆G‡ is less than 5 kBT. This sug-
gests that it may indeed be possible to find conditions to
study protein folding in the absence of a barrier and
observe downhill folding (scenario 0). The importance of
downhill folding is that the population of intermediate
structures is high all along the effective reaction coordi-
nate; this would permit monitoring the complete evolu-
tion of the structure distribution toward the native state.
Forster energy transfer experiments, for determining
topologies at low resolution, could be a powerful method
for this purpose. Such experiments would be an important
supplement to the mutational perturbation analysis of
Fersht et al. [46]. This analysis infers the structure distrib-
ution at the top of the free energy barrier [47,48] where
the population is too small for direct observation.
Although there is essentially unlimited time resolution in
the photolysis experiment, the experiments can only be
carried out at high concentrations of denaturants. Conse-
quently, folding to the native state is slow, requiring ~1s
under the conditions employed by Jones et al. [39]. Faster
folding can be observed using a conceptually similar pho-
tochemical trick introduced by Pascher et al. [45,49]. This
experiment is based on the lower stability of cytochrome c
in the oxidized state, as compared to the reduced state
(Fig. 4). In this case, folding is triggered by the transfer of
an electron to the heme iron of oxidized cytochrome c.
The electron is transferred from an excited electronic state
of a transition metal complex in a fast bimolecular reac-
tion. Using optical absorption to monitor the appearance of
the native state, Pascher et al. [45] measured folding times
at the lowest denaturant concentration (2.4M GuHCl) of
~10ms. By using more sensitive detection methods, such
as fluorescence, it should be possible to perform the
experiment at lower denaturant concentrations, providing
a larger free energy driving force, and thereby explore the
submillisecond folding regime.
In both types of photochemically triggered folding experi-
ments, there is no change in the solvent. Reducing the
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Figure 4
Guanidine hydrochloride unfolding curves. Unfolding curves are shown
for oxidized (green) and reduced (blue) cytochrome c, and reduced
cytochrome c in the presence of carbon monoxide (red). Carbon
monoxide decreases the stability of the native protein by preferential
binding to the unfolded state. The arrows indicate that using light
pulses to photodissociate carbon monoxide in reduced cytochrome c
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heme iron oxidation state from III to II increases the stabil-
ity of the heme–methionine linkage, making the native
conformation more favorable; dissociation of the carbon
monoxide complex stabilizes the native conformation by
permitting the heme–methionine bond to form. It is not
obvious whether dissociation of the histidine or carbon
monoxide, which makes the heme more accessible to
hydrophobic contacts, would cause collapse of the polypep-
tide or have a major effect on the distribution of unfolded
structures. Chan et al. [50] looked for collapse after
nanosecond photolysis by monitoring the quenching of the
tryptophan fluorescence by the heme (Fig. 3a). They
found no change in fluorescence in the nanosecond to mil-
lisecond time range, indicating no significant collapse 
of the unfolded polypeptide prior to folding. (Their
signal:noise ratio was not sufficient to observe changes in
the heme–tryptophan distance distribution resulting from
the intramolecular ligation reactions.)
It would be useful to develop photochemical triggers of
folding for non-metalloproteins. One could imagine using
pH jumps or photoactivated cross-links to initiate folding,
as well as a variety of other processes relevant to the folding
problem. There is already some work in this direction by
Kholodenko et al. using photolabile disulfide cross-links
(RM Hochstrasser, personal communication).
Concluding remarks: possible biological significance of
fast collapse
The results so far show that there are many interesting
processes to study on the submillisecond time scale: sec-
ondary structure formation and breakage; local hydropho-
bic collapse; global collapse to compact denatured states;
and fast barrier crossings to the native state. However, it
should be clear from the preceding discussion that the
‘fast folding field’ is just beginning; there are clearly many
more ideas and speculations than data. The technologies
are extremely demanding and results are only obtained
with considerable difficulty. Nevertheless, all three new
technologies for the study of protein folding look very
promising.
Although ultrarapid mixing has the most limited time reso-
lution, it is the most generic method. Most proteins can be
chemically unfolded in a soluble state, and there is clearly
much to be learned about the folding process even for
those proteins that do not completely refold. The tempera-
ture jump method is less generic, but its time resolution,
use of very small amounts of protein, and suitability for
many monitoring techniques make it a potentially powerful
technique. To fully exploit this method will require a more
thorough understanding of the structures contained in the
cold-denatured state. Photochemical triggers are the least
generic, and each protein could provide a new chemical
problem. The ingenuity of photochemists could, however,
alter this situation dramatically.
Finally, we should point out that understanding the fast
processes in protein folding may have an unexpected bio-
logical significance. Lorimer [51] has suggested that there
are simply not enough chaperonin molecules in E. coli to
assist in the folding of every protein, and that over 95% of
proteins fold in vivo unchaperoned. Proteins that fold
without chaperonins presumably form compact structures
very rapidly and thereby avoid exposing ‘sticky’ hydropho-
bic patches on their surface that would produce aggrega-
tion. These compact structures need not be in the final
native conformation, which may require hundreds of mil-
liseconds or many seconds to form. It would seem reason-
able therefore to postulate that the ‘successful’ sequences
in evolution are not only ones that result in three-dimen-
sional structures with specific functions, but are also ones
that bury their hydrophobes fast. Thus, fast local and
global collapse to compact denatured states with buried
hydrophobes may be at least as biologically important as
the slower processes, which have been the subject of most
kinetic studies up to now.
Acknowledgements
We thank Robert Baldwin, Victor Muñoz, Attila Szabo and Peter Wolynes for
their comments on the manuscript.
References
1. Bryngelson, J.D. & Wolynes, P.G. (1987). Spin glasses and the
statistical mechanics of protein folding. Proc. Natl. Acad. Sci. USA
84, 7524–7528.
2. Garel, T. & Orland, H. (1988). Mean-field model for protein folding.
Europhys. Lett. 6, 307–310.
3. Shakhnovich, E.I. & Gutin, A.M. (1989). The nonergodic (spin-glass-
like) phase of heteropolymer with quenched disordered sequence of
links. Europhys. Lett. 8, 327–332.
4. Bryngelson, J.D. & Wolynes, P.G. (1989). Intermediates and barrier
crossing in a random energy model (with applications to protein
folding). J. Phys. Chem. 93, 6902–6915.
5. Bryngelson, J.D., Onuchic, J.N., Socci, N.D. & Wolynes, P.G. (1995).
Funnels, pathways, and the energy landscape of protein folding: a
synthesis. Proteins 21, 167–195.
6. Dill, K.A., et al., & Chan, H.S. (1995). Principles of protein folding — A
perspective from simple exact models. Protein Sci. 4, 561–602.
7. Karplus, M. & Sali, A. (1995). Theoretical studies of protein folding
and unfolding. Curr. Opin. Struct. Biol. 5, 58–73.
8. Mirny, L.A., Abkevich, V. & Shakhnovich, E.I. (1996). Universality and
diversity of the protein folding scenarios. Folding & Design 1, 102–116.
9. Thirumalai, D. & Woodson, S.A. (1996). Kinetics of folding of proteins
and RNA. Accounts Chem. Res., in press.
10. Jackson, S.E. & Fersht, A.R. (1991). Folding of chymotrypsin inhibitor
2.1. Evidence for a two-state transition. Biochemistry 30,
10428–10435.
11. Guo, Z. & Thirumalai, D. (1995). Kinetics of protein folding: nucleation
mechanism, time scales, and pathways. Biopolymers 36, 83–102.
12. Kim, P.S. & Baldwin, R.L. (1990). Intermediates in the folding
reactions of small proteins. Annu. Rev. Biochem. 59, 631–660.
13. Schmid, F.X. (1993). Prolyl isomerase: enzymatic catalysis of slow
protein-folding reactions. Annu. Rev. Biophys. Biomol. Struct. 22,
123–143.
14. Nall, B.T. (1994). Proline isomerization as a rate-limiting step. In
Mechanisms of Protein Folding. (Paine, R.H., ed.), pp. 80–103,
Oxford University Press, Oxford, UK.
15. Kiefhaber, T. (1995). Kinetic traps in lysozyme folding. Proc. Natl.
Acad. Sci. USA 92, 9029–9033.
16. Sosnick, T.R., Mayne, L., Hiller, R. & Englander, S.W. (1994). The
barriers in protein folding. Nat. Struct. Biol. 1, 149–156.
17. Elöve, G.A., Bhuyan, A.K. & Roder, H. (1994). Kinetic mechanism of
cytochrome c folding: involvement of the heme and its ligands.
Biochemistry 33, 6925–6935.
1138 Structure 1996, Vol 4 No 10
18. Brems, D.N. & Stellwagen, E. (1983). Manipulation of the observed
kinetic phases in the refolding of denatured ferricytochromes c. J. Biol.
Chem. 258, 3655–3660.
19. Sosnick, T.R., Mayne, L. & Englander, S.W. (1996). Molecular
collapse: the rate-limiting step in two-state cytochrome c folding.
Proteins 24, 413–426.
20. Matthews, C.R. (1993). Pathways of protein folding. Annu. Rev.
Biochem. 62, 653–683.
21. Ptitsyn, O.B. (1995). Molten globule and protein folding. Adv. Protein
Chem. 47, 83–229.
22. Wolynes, P.G., Luthey-Schulten, Z. & Onuchic, J.N. (1996). Fast-
folding experiments and the topography of protein folding energy
landscapes. Chem. Biol. 3, 425–432.
23. Anfinsen, C.B. (1973). Principles that govern the folding of protein
chains. Science 181, 223–230.
24. Jaenicke, R. (1987). Folding and association of proteins. Prog.
Biophys. Mol. Biol. 49, 117–237.
25. Regenfuss, P., Clegg, R.M., Fulwyler, M.J., Barrantes, F.J. & Jovin, T.M.
(1985). Mixing liquids in microseconds. Rev. Sci. Instrum. 56,
283–290.
26. Regenfuss, P. & Clegg, R.M. (1987). Diffusion-controlled association
of a dye, 1-anilinonaphthalene-8-sulfonic acid, to a protein, bovine
serum albumin, using a fast-flow microsecond mixer and stopped-flow.
Biophys. Chem. 26, 83–89.
27. Takahashi, S., Ching, Y.-C., Wang, J. & Rousseau, D.L. (1995).
Microsecond generation of oxygen-bound cytochrome c oxidase by
rapid solution mixing. J. Biol. Chem. 270, 8405–8407.
28. Makhatadze, G.I. & Privalov, P.L. (1995). Energetics of protein
structure. Adv. Protein Chem. 47, 307–425.
29. Nolting, B., Golbik, R. & Fersht, A.R. (1995). Submillisecond events in
protein folding. Proc. Natl. Acad. Sci. USA 92, 10668–10672.
30. Ballew, R.M., Sabelko, J. & Gruebele, M. (1996). Direct observation of
fast protein folding: the initial collapse of apomyoglobin. Proc. Natl.
Acad. Sci. USA 93, 5759–5764.
31. Jennings, P.A. & Wright, P.E. (1993). Formation of a molten globule
intermediate early in the kinetic folding pathway of apomyoglobin.
Science 262, 892–896.
32. Daggett, V. & Levitt, M. (1992). A model of the molten globule state
from molecular dynamics simulations. Proc. Natl. Acad. Sci. USA 89,
5142–5146.
33. Caflisch, A. & Karplus, M. (1993). Molecular dynamics simulation of
protein denaturation: solvation of the hydrophobic cores and
secondary structure of barnase. Proc. Natl. Acad. Sci. USA 91,
1746–1750.
34. Phillips, C.M., Mizutani, Y. & Hochstrasser, R.M. (1995). Ultrafast
thermally induced unfolding of RNase A. Proc. Natl. Acad. Sci. USA
92, 7292–7296.
35. Gruenewald, B., Nicola, C.U., Lustig, A., Schwarz, G. & Klump, H.
(1979). Kinetics of the helix–coil transition of a polypeptide with non-
ionic side groups, derived from ultrasonic relaxation measurements.
Biophys. Chem. 9, 137–147.
36. Williams, K., et al., & Dyer, R.B. (1996). Fast events in protein folding:
helix melting and formation in a small peptide. Biochemistry 35,
691–697.
37. Lockhart, D.J. & Kim, P.S. (1992). Internal stark effect measurement of
the electric field at the amino terminus of an a helix. Science 257,
947–951.
38. Thompson, P.A. (1996). Laser temperature jump for the study of early
events in protein folding. In Techniques in Protein Chemistry, VIII.
(Marshak, D.R., ed), Academic Press, in press.
39. Jones, C.M., et al., & Eaton, W.A. (1993). Fast events in protein
folding initiated by nanosecond laser photolysis. Proc. Natl. Acad. Sci.
USA 90, 11860–11864.
40. Greene, B.I., Hochstrasser, R.M., Weisman, R.B. & Eaton, W.A.
(1978). Spectroscopic studies of oxy- and carbonmonoxyhemoglobin
after pulsed optical excitation. Proc. Natl. Acad. Sci. USA 75,
5255–5259.
41. Hagen, S.J., Hofrichter, J., Szabo, A. & Eaton, W.A. (1996).
Diffusion-limited contact formation in unfolded cytochrome-c:
estimating the maximum rate of protein folding. Proc. Natl. Acad.
Sci. USA, in press.
42. Camacho, C.J. & Thirumalai, D. (1995). Theoretical predictions of
folding pathways by using the proximity rule, with applications to
bovine pancreatic trypsin inhibitor. Proc. Natl. Acad. Sci. USA 92,
1277–1281.
43. Huang, G.S. & Oas, T.G. (1995). Submillisecond folding of
monomeric l repressor. Proc. Natl. Acad. Sci. USA 92, 6878–6882.
44. Kragelund, B.B., et al., & Poulsen, F.M. (1996). Fast and one-step
folding of closely and distantly related homologous proteins of a four-
helix bundle family. J. Mol. Biol. 256, 187–200.
45. Pascher, T., Chesick, J.P., Winkler, J.R. & Gray, H.B. (1996). Protein
folding triggered by electron transfer. Science 271, 1558–1560.
46. Fersht, A.R., Matouschek, A. & Serrano, L. (1992). The folding of an
enzyme. I. Theory of protein engineering analysis of stability and
pathway of protein folding. J. Mol. Biol. 224, 771–782.
47. Itzhaki, L.S., Otzen, D.E. & Fersht, A.R. (1995). The structure of the
transition state for folding of chymotrypsin inhibitor 2 analysed by
protein engineering methods: evidence for a nucleation-condensation
mechanism for protein folding. J. Mol. Biol. 254, 260–288.
48. Onuchic, J., Socci, N.D., Luthey-Schulten, Z. & Wolynes, P.G. (1996).
Protein folding funnels: the nature of the transition state ensemble.
Folding & Design, in press.
49. Mines, G.A., Pascher, T., Lee, S.C., Winkler, J.R. & Gray, H.B. (1996).
Cytochrome c folding triggered by electron transfer. Chem. Biol. 3,
491–497.
50. Chan, C.-K., Hofrichter, J. & Eaton, W.A. (1996). Optical triggers of
protein folding. Science, in press.
51. Lorimer, G.H. (1996). A quantitative assessment of the role of the
chaperonin proteins in protein folding in vivo. FASEB J. 10, 5–9.
52. Frauenfelder, H., Sligar, S.G. & Wolynes, P.G. (1991). The energy
landscapes and motions of proteins. Science 254, 1598–1603.
53. Hagen, S.J., Hofrichter, J. & Eaton, W.A. (1996). Geminate rebinding
and conformational dynamics of myoglobin embedded in a glass at
room temperature. J. Phys. Chem. 100, 12008–12021.
Minireview  Protein folding Eaton et al. 1139
